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Abstract: Sand ripples are common bedforms. The formation of sand ripples is related to flow 
conditions; different flow conditions cause different ripple geometries. The main aim of this study 
was to assess the relationship between flow intensity and two-dimensional ripple geometry 
characteristics. The experiments were carried out in a laboratory flume with natural sand whose bulk 
density sU was 2 650 kg/m3 and median diameter  was 0.41 mm. The Froude number (Fr), a 
flow intensity parameter, varied from 0.16 to 0.53, entirely within the subcritical range. 
Two-dimensional sand ripple geometry was measured and processed via statistical methods. The 
probability distributions of ripple length and height were obtained with different flow conditions. 
Through dimensionless analysis, the relationship between the flow intensity parameter (grain size 
Reynolds number
50D
*Re ) and the sand ripple geometry characteristic length (/) and height ( ) was 
analyzed, and two formulas were obtained:
'
0.3
50 *191.76D R/  e and 1.350 *1.97D Re'  , which are 
consistent with previous research results. 
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1 Introduction 
Under different flow conditions, sand grains may form differently shaped bedforms. The 
bedforms may be two-dimensional or three-dimensional. Some bedforms are symmetrical and 
others are asymmetrical. One sand ripple often has several characteristic parts: the stoss slope, 
the lee slope, the crest, and the trough. There is an angle between the stoss slope (or lee slope) 
and the bed surface at the ripple trough. The length of the stoss slope is the distance between 
one trough and the next crest, and the distance from one crest to the next trough is the lee slope 
length. The ripple length is the distance between two adjacent troughs (Gabel 1993; Bennett 
and Best 1995; Julien and Klaassen 1995). The ripple height is the distance between a crest and 
a trough horizontal plane. The ratio of the ripple height to the ripple length is the ripple 
steepness. Fig. 1 shows the geometric characteristics of a two-dimensional sand ripple. 
When the flow velocity exceeds 20%-30% of the threshold velocity of sand and the sand 
grain diameter is within a certain range, there will be a sand ripple phenomenon. 
Characteristics of sand ripples are often related to those of near-bed flow turbulence. With 
greater flow intensity, three-dimensional and asymmetrical properties of sand ripples will 
appear more obviously. Moreover, bedforms are not only related to the flow pattern, but also to 
the sand’s physical properties, especially the grain diameter. The bedform is closely related to 
bed load transport, and it reflects the sediment transport process. 
Fig. 1 Geometric characteristics of 2-D ripple  
No rippling appears when the diameter of sand grains in the open-channel flow is greater 
than a certain value. Experimental results show that when the grain size Reynolds number
is greater than 11.7, there is no longer a ripple. As sediment diameter exceeds the critical value 
of 0.6-0.7 mm, bedforms change directly from planes to dunes, without sand rippling (Qian and 
Wan 1983). Other researchers have suggested different values for this critical sediment 
diameter (Zheng and Wang 1985). 
*Re
According to Baas (1994, 2003), when a sand ripple initiates, the flow separation occurs 
on the lee slope of the sand ripple, which suggests that the tip of the sand ripple must be located 
in the laminar sub-layer zone near the wall. Zhou and Mendoza (2005) suggested a possible 
cause for this phenomenon based on the assumption that the incipient bedforms separated 
by such an interval will receive the maximum energy transfer from the flow field. This 
effect would guarantee the fastest growth rate for such bedforms, making them the dominant 
features locally. 
Further study has been conducted on sand ripple morphology (McLean et al. 1999; Nikora 
and Mclean 2001; Hyun et al. 2003). The geometrical morphology of sand ripples does not 
depend on water depth, but on five characteristic parameters: the fluid density U , the fluid 
kinematic viscosity coefficient X , the shear velocity of flow u* (equal to shear stress at the 
bottom of the stream W), the characteristic diameter of sand particles D, and the bulk density
sU .
The five characteristic parameters were dimensionally transformed into two dimensionless 
groups: (;
3
2
s gDU
UX ) and  (*Re
*u D
X ) (Yalin 1985). ; is the material number, and reflects 
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essential characteristics of sand particles and fluids; the grain size Reynolds number  not 
only directly reflects the ratio of bedform roughness to viscous sub-layer thickness, but also 
indirectly evaluates the ratio of water gravity to viscous force. Through dimensionless methods, 
Yalin plotted the dimensionless ripple length and height versus the grain size Reynolds number 
*Re
and material number. The following functional relations were obtained: 
 *, f ReD
/ DD                                (1) 
 ,g
D
' K ;                                 (2) 
where  is the ripple length,  is the ripple height, the/ ' D value is calculated by fitting: 
0.253.38D ;                                  (3) 
and K is the relative flow intensity. Several years later, Yalin’s student provided a specific 
formula resulting from regression analysis (Lei 1992): 
 0.88 * *
3 000
1 0.22D Re Re
/
;                          (4) 
A great deal of research has been conducted on sand ripple morphology by other 
researchers. Coleman and Melville (1996), Raudkivi (1997); Coleman and Eling (2000), and 
Rauen et al. (2008), respectively, obtained the following formulas of sand ripple morphology 
from flume and field observation: 
2.5 0.2
*c10 D Re/   (5) 
0.5150D/   (6) 
 (7) 0.75175D/  
 (8) 0.24711.10D'  
where Re*c is the critical grain size Reynolds number for incipient motion of sediment.  
Some investigators have used fixed or artificial bedforms to gain insight into the processes 
governing fluid and particle motion (Wiberg and Nelson 1992; Lyn 1993; McLean et al. 1994; 
Venditti and Bennett 2000; Best and Kostaschuk 2002). 
This study focused on sand ripple geometry characteristics associated with low flow 
intensity (a Froude number of less than 1), and analyzed the relationship between sand ripple 
geometry characteristics and flow intensity with statistical methods. 
2 Experimental conditions 
The experiments were performed in the Experiment Hall of Water Environment 
Comprehensive Treatment at Hohai University, using a 24-m-long, 0.50-m-wide and 
0.70-m-deep glass-sided tilting flume (Fig. 2). The side wall of the flume is 0.002-m-thick 
transparent toughened glass. The cross section is rectangular and the bed slope ranges from 
0-1.5%. The water depth can be altered by adjusting the tail gate and bed slope. The flume bed 
was covered to a depth of 0.01 m with natural quartz sand whose bulk density sU was 2 650 kg/m3
and median diameter  was 0.41 mm. The discharge was measured with a triangular weir, and 
calculated using the following formula:  
50D
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                                   (9) 2.471.343Q h 
where h is the water depth. The application conditions of Eq. (9) are that h ranges from 0.05 m 
to 0.25 m, and that the triangular weir width B is more than three or four times h. The sediment 
grading curve is shown in Fig. 3. 
Fig. 2 Sketch of experiment flume  
Fig. 3 Natural sediment grading curve 
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Before the experiments, water was pumped into the flume gradually until the water depth 
was about 10 cm. Then, the upstream gate was opened. Through a triangular weir, the inflow 
discharge was gradually increased. The tail gate was opened slowly at the same time, ensuring 
that the bedforms were not destroyed during the flow adjustment period. The flow was adjusted 
to be steady and uniform, and the flow velocity was higher than the incipient velocity of 
sediment uc. Then, sediment grains began to move and developed into a sand ripple bedform. 
After the bedforms were in an equilibrium condition that lasted for 1.5 hours to 2 hours, the 
flow was paused, and the water was drained out of the flume without destroying the bedform 
morphology. The test section was 6 m long in the middle part of the flume. A measuring pin 
was used to measure the geometrical morphology of the sand ripple. The uniform flow depth 
was measured with a steel ruler fixed on the flume side wall during experiments. Twenty-one 
groups of experiments were carried out, and the Froude number Fr varied from 0.16 to 0.53, all 
within the range of subcritical flow. Detailed experimental conditions are shown in Table 1. 
Table 1 Experimental flow conditions 
Case Q (m3/s) h (cm) Water surface slope J (%) Fr u* (m/s) uc (m/s) 
1 0.006 4.0 0.13 0.43 0.021 0.39 
2 0.006 4.2 0.37 0.41 0.036 0.40 
3 0.006 5.3 0.38 0.30 0.041 0.41 
4 0.006 5.4 0.22 0.29 0.039 0.41 
5 0.007 7.6 0.27 0.20 0.039 0.42 
6 0.007 7.7 0.15 0.17 0.031 0.42 
7 0.007 7.6 0.07 0.16 0.022 0.42 
8 0.008 7.7 0.24 0.25 0.037 0.42 
9 0.008 7.9 0.17 0.18 0.029 0.42 
10 0.008 7.9 0.22 0.23 0.034 0.42 
11 0.009 7.8 0.17 0.26 0.031 0.42 
12 0.009 7.9 0.21 0.33 0.037 0.42 
13 0.009 7.9 0.26 0.39 0.045 0.42 
14 0.010 8.1 0.10 0.27 0.028 0.42 
15 0.010 8.1 0.20 0.34 0.035 0.42 
16 0.010 8.2 0.19 0.16 0.032 0.42 
17 0.011 9.5 0.23 0.53 0.032 0.43 
18 0.011 9.5 0.17 0.45 0.027 0.43 
19 0.012 12.0 0.15 0.18 0.035 0.44 
20 0.012 11.8 0.10 0.34 0.024 0.44 
21 0.012 11.8 0.16 0.42 0.029 0.44 
3 Relation between 2-D ripple geometry characteristics  
and flow intensity 
The main focus of this experiment was the initial stage of formation of sand waves, that is, 
the sand ripple stage, when flow intensity is low and the type of sand grain motion is bed-load 
motion. During this period, the phase lag between the bedform and time-averaged bed shear 
stress and turbulence is the main reason for sand ripple formation. In this study, the grain size 
Reynolds number  was chosen to represent flow characteristics, and the relationship 
between the grain size Reynolds number and ripple geometry characteristics was analyzed. 
*Re
The experimental data were processed via statistical methods, and the probability 
distributions of ripple height and length for different flow intensities were obtained. Some of 
the experimental results are shown in Tables 2 and 3. The tables show that, even for the same 
flow intensity, ripple geometric characteristics are not the same in different parts of the channel, 
but there are certain height and length values that occur with maximum probability. 
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The ripple height ' and length  values of the maximum probability can be found in 
Tables 2 and 3. The corresponding ripple characteristics were determined with the 
dimensionless method. These characteristic values are listed in Table 4. 
/
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Table 2 Ripple height probability distributions 
Probability
Range of '
Fr = 0.18 Fr = 0.25 Fr = 0.34 Fr = 0.53
0.5 1.0'd  0.024 0.033 0.023 0.044 
1.0 1.5'd  0.115 0.039 0.101 0.062 
1.5 2.0'd  0.118 0.188 0.121 0.112 
2.0 2.5'd  0.115 0.188 0.280 0.092 
2.5 3.0'd  0.116 0.213 0.178 0.288 
3.0 3.5'd  0.132 0.148 0.079 0.221 
3.5 4.0'd  0.131 0.168 0.138 0.138 
4.0 4.5'd  0.085 0.023 0.058 0.043 
4.5 5.0'd d 0.085 0.022 
5.0 5.5'd  0.023 
5.5 6.0'd  0.023 
6.0 6.5'd  0.015 
6.5 7.0'd d 0.018 
Table 3 Ripple length probability distributions
Probability
Range of /
Fr = 0.18 Fr = 0.25 Fr = 0.34 Fr = 0.53
6 9/d  0.056 0.023 0.075 0.075 
9 1/d  2 0.057 0.151 0.085 0.305 
12 15/d  0.135 0.254 0.165 0.346 
15 18/d  0.064 0.254 0.345 0.165 
18 21/d  0.145 0.164 0.165 0.109 
21 24/d  0.175 0.154 0.165 
24 27/d  0.138 
27 30/d  0.115 
30 33/d d 0.115 
Table 4 Characteristic parameters of ripples 
Flow condition Ripple characteristic parameter 
Case 
Fr J (%) *Re ' (cm) / (cm) 50D' 50D/
1 0.43 0.13  7.37 1.07 13.46 26.80 336.49 
2 0.41 0.37 12.63 2.17 15.19 54.20 379.86 
3 0.30 0.38 14.39 2.50 15.39 62.59 384.79 
4 0.29 0.22 13.68 2.55 15.29 63.67 382.21 
5 0.20 0.27 13.68 1.70 14.00 42.40 350.01 
6 0.17 0.15 10.88 1.25 13.61 31.33 340.28 
7 0.16 0.07  7.72 2.58 15.68 64.40 392.12 
8 0.25 0.24 12.98 2.01 15.01 50.20 375.21 
9 0.18 0.17 10.18 1.47 13.45 36.70 336.33 
10 0.23 0.22 11.93 2.40 15.80 60.00 395.11 
11 0.26 0.17 10.88 2.09 15.28 52.30 382.07 
12 0.33 0.21 12.98 2.22 15.01 55.50 375.30 
13 0.39 0.26 15.79 2.00 14.62 50.00 365.45 
14 0.27 0.10  9.82 1.51 13.38 37.70 334.58 
15 0.34 0.20 12.28 1.83 13.77 45.80 344.27 
16 0.16 0.19 11.23 1.59 14.06 39.80 351.44 
17 0.53 0.23 11.23 1.52 14.42 37.90 360.47 
18 0.45 0.17  9.47 1.61 14.50 40.20 362.56 
19 0.18 0.15 12.28 1.73 14.63 43.20 365.77 
20 0.34 0.10  8.42 1.82 14.56 45.40 363.89 
21 0.42 0.16 10.18 1.86 14.44 46.40 361.12 
The characteristic parameters of ripples were plotted against the flow intensity parameter 
*Re (Figs. 4 and 5). There is a good relationship between them. Through data fitting, Eqs. (10) 
and (11) were obtained: 
0.3
50 *191.76D/  Re                            (10) 
1.3
50 *1.97D'  Re                              (11) 
*Re increases, the values of andWhen the parameter 50D' 50D/ also grow exponentially. 
Fig. 4 shows that Eq. (10) agrees with Eq. (4) (Lei 1992).  
50D/ *Re 50D' *Re          Fig. 4 Variation of                  Fig. 5 Variation ofwith with
4 Conclusions 
These experiments were carried out with natural sand ( kg/m3s 2 650U  , = 0.41 mm) 
in a laboratory flume. By means of statistical methods, two-dimensional sand ripple geometry 
under different flow intensities was analyzed. The probability distributions of ripple length and 
height were obtained with different flow conditions (the Froude number ranges from 0.16 to 
0.53). The probability distributions indicate that ripple geometry is not the same in different 
parts of a channel for a given flow intensity, but that there are certain height and length values 
that occur with maximum probability which are called the characteristic parameters of ripples, 
or the characteristic height (
50D
' ) of ripples and characteristic length (/ ) of ripples. Finally, 
through regression analysis, two exponential formulas for the grain size Reynolds number 
( *Re ), the characteristic height of ripples, and the characteristic length of ripples were obtained:
0.3
50 *191.76D R/  e 1.350 *1.97D R'  eand . These are consistent with previous research.  
Further studies will be carried out to investigate the relationship between turbulence 
strength levels and sand ripple geometry characteristics. The authors also plan to conduct more 
experiments to determine whether these formulas apply to other sediment grain sizes. 
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